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ABSTRACT 


We  present  new  optical  images  of  the  supernova  remnant  (SNR)  W44  in  the  Ha  and  [S  n]  lines  covering 
the  entire  source  for  the  first  time.  We  also  report  on  improved  radio  image  of  W44  at  1442.5  MHz, 
obtained  after  the  reprocessing  of  existing  VLA  data.  A  spectral  index  a  of  -0.4  was  derived  for  the  whole 
source,  without  indication  of  significant  spectral  variations  between  0.3  and  1.4  GHz  across  the  remnant. 
Accurate  multitwavelength  comparisons  were  made  based  on  existing  observations  of  W44  in  the  different 
spectral  regimes.  We  find  excellent  correlation  between  optical  and  radio  emission  along  the  northwest 
border  of  the  remnant,  suggesting  that  the  optical  radiation  is  originating  through  radiative  cooling  of  the 
shocked  gas  immediately  behind  the  shock  front.  Some  diffuse  optical  emission  is  also  observed  towards  the 
interior  of  W44,  with  no  clear  radio  counterpart.  We  confirm  that  over  most  of  the  source,  the  bright  X-ray 
emission  corresponds  with  regions  of  low  radio  brightness.  At  the  northern  border  of  the  remnant,  diffuse 
X-ray  emission  exactly  overlaps  the  radio  and  optical  radiation.  From  the  study  of  the  immediate  environs 
of  W44  we  conclude  that  the  remnant  is  interacting  with  molecular  clouds  along  the  eastern  border.  Such 
a  scenario  is  compatible  with  the  filamentary  structure  of  W44,  the  excitation  of  OH  masers  and  the 
apparent  lack  of  optical  emission  along  the  eastern  border.  To  the  north,  an  extended  atomic  cloud 
surrounds  the  remnant,  although  the  interaction  is  not  evident  in  this  case.  ©  1997  American  Astronomical 
Society.  [S0004-6256(97)00304-X] 


1.  INTRODUCTION 

Multispectral  observations  of  supernova  remnants  (SNRs) 
provide  valuable  information  concerning  the  physical  pro¬ 
cesses  in  strong  shock  waves,  as  well  as  the  structure  of  the 
interstellar  medium  (ISM)  in  their  vicinity.  In  the  case  of 
composite  remnants,  their  radio  emission  includes  a  shell- 
type  component,  with  a  steep  non-thermal  spectrum,  and  a 
central  core  with  a  flatter  spectrum.  The  nature  of  this  com¬ 
bined  emission  is  relatively  well  understood  (Weiler  & 
Sramek  1988).  However,  recent  X-ray  observations  have  re¬ 
vealed  another  type  of  composite  remnant  classified  on  the 
basis  of  its  edge-brightened  radio  emission  together  with 
centrally-peaked  X-ray  emission.  A  general  understanding  of 


'Member  of  the  Carrera  del  Investigador  Cienu'fico  of  CONICET,  Argen- 
tina. 

2Observer  at  the  Burrell  Schmidt  telescope  of  the  Warner  &  Swasey  Obser¬ 

vatory,  Case  Western  Reserve  University,  located  at  Kitt  Peak,  Arizona. 
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these  “composite”  SNRs  that  can  account  for  their  emission 
characteristics  from  radio  to  X  rays  is  lacking  (Rho  1995). 
W44,  with  both  a  steep  spectrum  radio  shell  and  a  flat  spec¬ 
trum  pulsar-powered  core  component,  and  also  a  center- 
filled  appearance  in  the  X-ray  range,  turns  out  to  be  the  first 
remnant  to  be  a  composite  in  both  definitions.  It  is  therefore 
an  ideal  candidate  for  a  multiwavelength  study  of  the 
interactive-composite  remnants. 

W44  (G34.7— 0.4),  located  at  R.A.  (1950)=  1 8h53m30s, 
DEC  ( 1 950) =0  i  °  18 '  appears  in  the  radio  range  as  a  rather 
distorted  shell  structure  with  a  significant  flattening  on  the 
northeast  edge.  The  distance  is  estimated  to  be  3  kpc  based 
on  H  I  absorption  measurements  (Green  1989),  with  an  age 
of  104  yr  calculated  based  on  X-ray  observations  (Smith 
et  al.  1985;  Rho  et  al.  1994).  Smith  et  al.  (1985)  suggest  that 
the  remnant  is  in  its  late  adiabatic  stage,  expanding  into  a 
cloudy  ISM. 

Wolszczan  et  al.  (1991)  reported  the  discovery  of  an  as- 
©  1997  Am.  Astron.  Soc.  1379 
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(a) 


Fig.  1 .  (a)  The  SNR  W44  in  the  light  of  Ha  obtained  by  combining  five  disregistered  frames  from  the  Burrell  Schmidt  telescope.  North  is  up,  and  east  left 
in  this  image,  and  the  field  is  40'  square. 


sociated  267  ms  pulsar,  PSR  1853+01,  located  inside  the 
W44  shell  about  9  arcmin  south  of  the  geometric  center  of 
the  remnant.  They  derived  a  characteristic  age  of  about 
2X  104  yr  for  the  pulsar,  and  a  distance  to  the  pulsar  of  3.2 
kpc  based  on  its  dispersion  measure. 

In  this  paper  we  report  on  new  optical  images  of  W44, 
acquired  with  the  Burrell  Schmidt  telescope  at  KPNO,  which 
show  for  the  first  time  the  full  extent  of  the  optical  emission 
associated  with  W44.  We  also  report  a  new  radio  image  of 
W44  obtained  at  1.4  GHz  from  existing  VLA  archive  data 
(Jones  et  al.  1993)  in  the  C  and  D  configurations.  From  this 
database  we  produce  an  accurate  comparison  of  the  W44 
structure  at  radio,  optical  and  X-ray  wavelengths  based  on 


Table  1.  Filter  characteristic  and  exposure  times. 


Line 

V  (A) 

FWHM  (A) 

Total  exposure  (s) 

Ha 

6561 

26 

3000 

[Sir] 

6719 

49 

3000 

Continuum 

6845 

93 

1500 

subarcminute  resolution  images.  We  also  explore  the  corre¬ 
lation  with  the  surrounding  ISM  making  use  of  infrared 
(IRAS),  CO,  OH,  and  H I  observations. 

1.1  Radio  Continuum 

In  the  radio  regime  W44  has  been  extensively  studied  at 
several  frequencies  from  330  MHz  to  10.7  GHz  (Kundu  & 
Velusamy  1972;  Velusamy  &  Kundu  1974;  Velusamy  1988; 
Clark  et  al.  1975;  Kassim  1992;  Jones  et  al.  1993).  Polariza¬ 
tion  of  up  to  20%  was  detected  at  28  cm  (Kundu  &  Velus¬ 
amy  1972).  This  polarization  is  unusually  high  for  a  shell- 
type  remnant  (Reynolds  1988).  It  is  probably  a  manifestation 
of  the  uniformity  in  the  distribution  of  the  magnetic  field 
along  the  brightest  portions  of  the  shell. 

The  best  radio  image  available  to  date  is  that  by  Jones 
et  al.  (1993),  obtained  with  the  VLA  at  1465  MHz  with  a 
spatial  resolution  of  15".  This  high  resolution  image  reveals 
the  presence  of  several  filaments  across  the  remnant  and  dis¬ 
tortions  (“dents”)  along  the  eastern  border  that  are  ex¬ 
plained  in  terms  of  expansion  into  a  cloudy  interstellar  me- 
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Fio.  1.  (b)  Same  image  as  in  (a),  but  with  a  matched  red  continuum  image  subtracted  to  reveal  faint  nebulosity  more  clearly. 


dium  in  which  most  of  the  mass  is  in  cool  dense  state.  Jones 
et  al.  (1993)  also  report  the  detection  of  two  sources  in  the 
vicinity  of  PSR  1853+01:  a  weak  radio  feature  12"  north  of 
the  pulsar  and  a  diamond-shaped  nebula  115  north.  The  au¬ 
thors  propose  that  these  radio  features  are  relic  synchrotron 
nebulae  left  behind  by  the  fast  moving  pulsar.  As  shown 
below,  based  on  the  present  observations,  we  can  demon¬ 
strate  that  these  two  discrete  sources  are  indeed  part  of  a 
single  cometary  shaped  structure,  with  the  pulsar  located  at 
the  apex.  Frail  et  al.  (1996a)  confirmed  the  pulsar  wind  ori¬ 
gin  for  this  nebula. 

Kassim  (1992)  estimates  the  global  spectral  index  a 
{S° =/)  to  be  between  -0.3  and  —0.4,  a  value  somewhat 
flatter  than  the  observed  in  most  shell-type  radio  remnants 
(typically  a  mean  value  of  —0.45,  Reynolds  1988).  Kov¬ 
alenko  et  al.  (1994),  based  on  a  wider  spectral  range,  confirm 
this  result  with  a  spectral  index  of  — 0.33±0.05  for  W44. 

1.2  X-ray  and  Optical 

The  first  X-ray  survey  of  W44  was  carried  out  using  the 
Einstein  IPC  by  Smith  et  al.  (1985),  who  found  it  to  have  a 


centrally  peaked  (“plerionic”)  X-ray  morphology,  similar  to 
other  SNRs  such  as  3C400.2,  W28,  and  W49B.  Early  evi¬ 
dence  of  line  emission  indicated  that  the  X-rays  have  a  ther¬ 
mal  origin  and  high  absorption,  facts  which  led  Smith  et  al. 
to  suggest  that  W44  might,  in  fact,  be  a  shell-like  Sedov 
remnant,  but  that  only  the  high-temperature  interior  is  visible 
through  the  absorption  column.  The  discovery  of  a  fast  radio 
pulsar  within  W44  suggests  that  part  of  the  X-ray  flux  might 
be  radiated  by  “fossil”  electrons  left  over  from  the  pulsar’s 
early  life  (Wolszcan  et  al.  1991).  However,  no  direct  evi¬ 
dence  for  either  a  point  source  or  a  synchrotron  nebula  ap¬ 
peared  in  any  X-ray  studies  until  the  recent  ASCA  observa¬ 
tion  by  Harrus  et  al.  (1996).  They  report  detection  of  a  hard 
(&4  keV)  X-ray  source  coincident  with  PSR  1853+01  and 
extended  over  a  region  between  30"  and  5'  in  size.  The  X-ray 
spectrum  from  the  pulsar  region  has  a  nonthermal  excess, 
which  Harrus  et  al.  interpret  as  an  X-ray  synchrotron  nebula, 
the  counterpart  to  the  radio  nebula  studied  by  Frail  et  al. 
(1996a)  (see  Sec.  1.1). 

The  vast  majority  of  the  X-ray  flux  appears  at  energies 
below  4  keV  and  is  of  thermal  origin.  This  has  recently  been 
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RIGHT  ASCENSION  (B1950) 


Fig.  2.  W44  in  the  light  of  [S  II],  with  a  scaled  continuum  image  subtracted. 


mapped  using  the  ROSAT  PSPC  by  Rho  et  al.  (1994),  who 
find  the  same  extended,  centrally  peaked  morphology  re¬ 
ported  by  Smith  et  al.  (1985)  from  the  Einstein  EPC.  In  an 
attempt  to  understand  how  thermal  X  rays  arise  from  a  mor¬ 
phology  so  different  from  a  limb-brightened  shell,  Jones 
et  al.  (1993)  and  Rho  et  al.  (1994)  have  carried  out  indepen¬ 
dent  detailed  analyses  of  X-ray  spectra  from  EXOSAT ,  the 
Einstein  SSS,  and  (in  the  case  of  Rho  et  al.)  the  ROSAT 
PSPC.  Both  groups  find  that  the  X-ray  structure  and  spec¬ 
trum  can  be  well  explained  through  an  evaporation  model 
first  proposed  by  White  &  Long  (1991):  most  of  the  mass  of 
the  ISM  resides  in  dense  clumps;  these  gradually  evaporate 
following  passage  of  the  supernova  shock,  to  produce  a  res¬ 
ervoir  of  hot  plasma  which  radiates  thermal  X  rays. 

Rho  et  al.  (1994)  also  present  the  first  images  to  show 
optical  emission  from  W44.  Their  CCD  mosaics  from  the 
Palomar  1.5  m  telescope  cover  most  of  the  radio  shell  of 
W44  and  show  a  coarse  filamentary  morphology  which  is 


very  similar  in  both  Ha  and  [S  n]  W  6717,  6731.  Rho  et  al. 
compared  their  X-ray  image  with  a  low  angular  resolution 
(3'  FWHM)  408  MHz  radio  map  by  Clark  et  al.  (1975). 

1.3  The  Surrounding  Medium 

Several  studies  have  been  performed  in  atomic  and  mo¬ 
lecular  lines  of  interstellar  gas  in  the  direction  of  W44.  show¬ 
ing  the  existence  of  a  complex  of  clouds  near  the  SNR  (e.g., 
Sato  1986,  and  references  therein).  However,  no  definite 
conclusions  have  been  reached  regarding  how  the  SNR  and 
the  clouds  are  interacting  with  each  other  (Venger  et  al. 
1981;  De  Noyer  1983;  Sato  1986).  A  recent  investigation  by 
Koo  &  Heiles  (1991,  1995)  led  to  the  detection  of  a  high 
velocity  (u~150  km  s-1)  Hi  shell  associated  with  W44, 
interior  to  the  radio  shell.  They  interpret  these  observations 
in  terms  of  a  model  of  W44  exploding  inside  a  wind-blown 
cavity  (the  H I  structure)  that  has  been  rejuvenated  and  dis- 
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Fig.  3.  Greyscale  image  of  the  SNR  W44  at  1442.5  MHz.  The  beam  is  15'.'8X  15:4.  The  greyscale  range  is  10-60  mJy/beam.  The  cross  indicates  the  position 
of  the  pulsar  PSR  1853+01  (Frail  et  al.  1996a). 


rupted  by  the  supernova  blast-wave  (the  outer  radio  shell). 
Maciejewski  et  al.  (1996)  surveyed  in  the  H  I  line  the  region 
30 °=S/=S40C’,  —  15°=££>=s  —  1°,  close  to  W44  (21'  FWHM). 
Based  on  these  observations,  they  propose  that  this  SNR  lies 
at  the  base  of  a  bright  H  I  cone  connected  with  a  5!6  diameter 
H  I  shell,  the  Aquila  Supershell.  Seta  (1996)  performed  high- 
resolution  CO  observations  in  the  direction  of  W44  using  the 
45  m  NRO  telescope,  confirming  the  presence  of  molecular 
clouds  along  the  eastern  limb  of  the  remnant.  In  addition, 
Claussen  et  al.  (1996)  carried  out  observations  of  the  1720 
MHz  OH  maser  transition  at  high  angular  resolution  (1")  in 
W44.  They  detected  two  groups  of  OH  masers  that  they  ar¬ 
gue  may  be  collisionally  excited  by  the  passage  of  the  W44 
SNR  shock  through  a  molecular  cloud. 

In  the  infrared  domain,  Arendt  (1989)  reported  a  number 
of  IR  sources  around  W44,  near  its  northwestern  edge;  Saken 
et  al.  (1992),  in  a  survey  of  IR  emission  originating  in  galac¬ 


tic  SNRs,  concluded  that  there  is  no  extended  IR  emission 
matching  the  radio  remnant. 

The  present  paper  is  organized  as  follows  in  Sec.  2  we 
present  the  observations  and  results.  In  Sec.  3  we  compare 
the  morphology  in  the  different  spectral  regimes.  In  Sec.  4 
we  study  the  interaction  with  the  surrounding  medium  and  in 
Sec.  5  we  summarize  the  results. 

2.  OBSERVATIONS  AND  RESULTS 
2.1  Optical  Images 

W44  was  observed  with  the  0.6  m  Burrell  Schmidt  tele¬ 
scope  at  KPNO,  together  with  the  S2KA  CCD  camera,  on 
1993  June  22-24.  Observations  were  made  through  interfer¬ 
ence  filters  with  pass  bands  centered  on  Ha  and  fS  II]  XX 
6717,  6731,  plus  a  continuum  band  which  was  used  for  star 
subtraction.  Frames  were  taken  through  each  filter  at  five 
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Fig.  4.  Greyscale  image  of  the  Ha  emission  of  W44  with  contours  of  the  1442.5  MHz  emission.  The  radio  contours  are  10,  15,  25,  35,  and  45  mJy/beam. 


locations,  all  centered  close  to  the  center  of  W44,  but  disreg- 
istered  to  minimize  the  effects  of  severe  cosmetic  blemishes 
which  afflict  the  S2KA  chip.  Details  of  the  filters  and  expo¬ 
sures  are  given  in  Table  1.  The  un vignetted  field  of  the 
S2KA  chip  on  the  Schmidt  was  almost  1°,  easily  encompass¬ 
ing  W44  in  its  entirety  within  the  field  at  each  pointing  po¬ 
sition.  The  scale  of  the  images  is  2.03  arcsec  pixel-1,  and  the 
resolution,  based  on  the  FWHM  of  stellar  images  around  the 
field,  is  about  4  arcsec. 

The  images  have  been  processed  using  conventional 
IRAF  techniques:  bias  subtraction  and  flat  fielding  using  a 
combination  of  several  well-exposed  twilight  sky  flats.  All 
the  frames  were  then  registered  to  fractional-pixel  accuracy 
using  stars  that  appear  in  all  the  fields  and  combined,  accord¬ 
ing  to  the  procedures  outlined  in  Winkler  et  al.  (1993). 

Figure  1(a)  shows  the  Ha  mosaic  image,  while  Fig.  1(b) 
shows  the  same  image  with  the  scaled  continuum  mosaic 
subtracted  to  remove  most  of  the  stars  and  reveal  faint  nebu¬ 


losity.  Figure  2  shows  the  continuum-subtracted  [S  II]  image. 
A  high  degree  of  foreground  absorption  just  south  of  W44  is 
apparent  in  all  the  images,  and  absorption  is  probably  vari¬ 
able  across  W44  itself. 

The  brightest  features  in  the  Ha  image  have  surface 
brightness  1.0X10-16  ergs  cm-2  s-1  arcsec-2,  while  the 
faintest  features  visible  in  the  image  have  surface  brightness 
only  ~10-17  ergs  cm-2  s-1  arcsec-2  above  the  local  dif¬ 
fuse  background. 

2.2  Radio  Images 

The  observations  at  1 .4  GHz  were  done  with  the  VLA  in 
the  C  and  D  configuration  in  1984  and  1985  (Jones  et  al. 
1993).  The  UV  data  were  taken  from  the  VLA  archive  and 
reprocessed.  Both  C-array  and  D-array  UV  visibilities  were 
concatenated  and  combined  with  single  dish  data.  Data  cor¬ 
responding  to  the  shorter  spacings  were  extracted  from  Con- 
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Fig.  5.  Enlargements  of  four  areas  in  the  Ha  image  with  some  radio  contours  overlapping. 


don  &  Broderick  (1985,  1986)  1400  MHz  survey 

(12'7X11'1  resolution).  The  interferometric  and  single  dish 
data  were  combined  through  the  AIPS  task  IMERG.  In  this 
way  the  total  flux  density  was  recovered,  obtaining 
S  =  (210  ±  20)  Jy  at  1442.5  MHz.  The  resulting  synthesized 
beam  is  15"  and  the  noise  level  is  12  mJy/beam. 

Figure  3  displays  a  greyscale  image  of  W44  at  1442.5 
MHz;  the  cross  indicates  the  new  position  of  PSR  1853+01 
(see  below).  This  high-resolution  image  shows  an  elongated 
shell  of  about  35'X24'  in  size,  with  numerous  knots  and 
filamentary  arcs  of  synchrotron  radiation,  both  in  the  interior 
and  along  the  perimeter  of  W44  in  good  agreement  with  the 
image  of  Jones  et  al.  (1993).  However,  with  the  addition  of 


short  spacings  we  are  able  to  show  that  the  two  discrete 
sources  seen  by  Jones  et  al.  (1993)  (i.e.,  the  “diamond” 
nebula  1'5  north  and  the  extended  emission  12"  north  of  the 
pulsar)  form  a  single  structure,  with  the  pulsar  lying  on  its 
southern  border.  The  position  of  the  pulsar  PSR  1853+01 
was  redetermined  (Frail  et  al.  1996a)  at  18^53  m3  8  ?  3  3 , 
01°09'26'.'l  with  an  accuracy  of  ~T.'.5. 

Complementary  observations  of  this  SNR  were  performed 
with  the  VLA  at  330  MHz  in  the  D  configuration  (1996 
September  3).  These  observations  consisted  of  a  set  of  snap¬ 
shot  with  a  total  integration  time  of  about  one  hour.  The  final 
image  has  a  flux  density  of  400±40  Jy,  an  angular  resolution 
of  =3'  and  an  rms  noise  level  of  about  140  mJy/beam.  The 
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Fig.  6.  Overlay  of  the  ROSAT  X-ray  image  of  W44  as  taken  from  Rho  et  al.  (1994)  with  contours  of  the  1442.5  MHz  emission.  The  radio  contours  are  10, 
20,  30,  40,  and  50  mJy/beam. 


330  MHz  image  of  W44  confirms  the  overall  structures  as 
seen  in  the  high-resolution  1442.5  MHz  image.  Based  on  the 
current  0.3  and  1.4  GHz  data,  we  obtained  a  spectral  index 
a  —  -0.40  for  the  whole  remnant,  in  agreement  with  the 
estimates  of  Kassim  (1992)  and  Kovalenko  et  al.  (1994).  To 
investigate  the  spectral  index  distribution  across  W44  we 
have  smoothed  the  1442.5  MHz  map  to  the  resolution  of  the 
330  MHz  map  and  regridded  to  the  same  pixel  positions. 
Taking  into  account  the  flux  error  margins  at  both  frequen¬ 
cies  and  the  background  bias,  we  conclude  that  the  spectral 
index  is  roughly  constant  across  the  remnant. 

3.  COMPARISON  WITH  OPTICAL  AND  X-RAY  EMISSIONS 

Figure  4  shows  an  overlay  of  radio  contours  at  1442.5 
MHz  with  the  continuum  subtracted  H a  image.  The  optical 
emission  appears  entirely  confined  within  the  radio  shell.  A 
remarkable  correspondence  between  regions  of  Ha  emission 
and  radio  emission  is  observed  in  different  parts  of  the  rem¬ 
nant.  As  was  noted  by  Rho  et  al.  (1994),  there  is  excellent 
morphological  correspondence  between  the  brightest  features 
in  the  Ha  image  (Fig.  1)  and  the  [S  il]  image  (Fig  2).  [S  II]  is 
known  to  be  tracer  of  hot,  shocked  gas  in  regions  where 
expanding  SNR  shells  encounter  and  overtake  density  en¬ 
hancements  in  the  surrounding  interstellar  medium.  The 
presence  of  shocked  interstellar  gas  as  delineated  by  our  Ha 
and  [S  II]  images  indicates  the  presence  of  radiative  shocks 
(Draine  &  McKee  1993).  Regions  behind  radiative  shocks 


are  known  to  undergo  strong  compression,  therefore,  such 
conditions  are  expected  to  result  in  both  an  amplification  of 
magnetic  fields  and  enhancements  in  relativistic  particle  den¬ 
sities.  The  excellent  correspondence  between  regions  of 
fS  II]  and  Ha  emission  with  regions  of  enhanced  synchrotron 
emission,  as  delineated  from  our  continuum  image  (Fig.  3), 
confirms  this  scenario. 

The  combination  of  high-resolution  radio  data  and  optical 
image  covering  the  entire  remnant  reveals  some  strong  radio- 
optical  correlations,  as  shown  in  Fig.  5.  Region  A,  to  the 
north  of  the  remnant,  shows  the  brightest  optical  filaments 
exactly  coincident  in  location  and  shape  with  the  radio  fea¬ 
tures.  Also  a  short  curved  optical  filament,  partially  shown  in 
the  lower  left  comer  of  region  A  (see  also  Fig.  2),  has  an 
identical  radio  counterpart,  clearly  visible  in  the  grey-scale 
image  in  Fig.  3  as  the  small  arc  protrading  on  the  northern 
border.  These  correspondences  were  not  previously  noticed 
by  Rho  et  al.  (1994)  because  their  Ha  image  did  not  cover 
all  of  W44.  Region  B  is  another  example  of  good  agreement 
between  radio  and  optical  emission.  As  in  region  A,  the  op¬ 
tical  emission  is  confined  within  the  shock  front  defined  by 
the  outer  radio  contour.  Both  regions  (A  and  B)  are  also  very 
bright  in  [S  II]  (Fig.  2). 

Region  C  displays  an  area  close  to  the  pulsar  PSR  1853 
+01.  In  this  region  the  optical  emission  trace  an  almost  com¬ 
plete  circle,  with  the  pulsar  located  on  the  southern  border.  It 
is  only  partially  correlated  with  the  radio  emission,  mainly 
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Fig.  8.  Contour  map  of  the  cold  H  I  optical  depth  ati>  =  +45  kmj-1  as 
taken  from  Sato  (1986),  together  with  contours  of  the  1442.5  MHz  emission. 
The  plotted  contours  correspond  to  t(Hi)=0.1,  0.15,  0.2,  0.25,  0.3,  and 
0.35. 

along  the  southwestern  part  of  the  Ha  ring.  Region  D  shows 
another  faint  optical  ring-like  feature,  in  this  case  very  well 
correlated  with  the  radio  emission. 

No  radio  counterpart  is  evident  for  the  rest  of  the  optical 
remnant  (the  diffuse  optical  emission  observed  near 
18h53m30s,  01°22'  in  Fig.  4).  This  lack  of  correlation  sug¬ 
gests  that  a  different  physical  process  may  give  rise  to  the 
Ha  emission  in  this  case.  As  seen  in  Fig.  2,  this  nebulosity 
appears  fainter  in  the  [S  n]  line  than  towards  the  north  and 
northwestern  shocked  filaments. 

Figure  6  shows  contours  of  1442.5  MHz  radio  emission 
superposed  on  a  greyscale  representation  of  the  ROSAT 
X-ray  emission  as  taken  from  Rho  et  al.  (1994).  As  noticed 
by  Rho  et  al.  (1994)  the  brightest  soft  X-ray  emission  is 
concentrated  towards  the  center  of  the  remnant,  where  it  has 
a  knotty  and  irregular  distribution.  No  special  correspon¬ 
dence  is  found  between  the  X-ray  maxima  and  radio  con¬ 
tinuum  features.  A  previously  unnoticed  fact  is  that  the  dif¬ 
fuse  X-ray  emission  extends  beyond  the  central  region  up  to 
the  north  where  it  perfectly  matches  the  radio  and  optical 
border. 

4.  W44  AND  THE  SURROUNDING  MEDIUM 

As  summarized  in  Sec.  1.3,  several  atomic  and  molecular 
fine  studies  have  been  performed  in  the  direction  of  W44. 
From  the  comparison  of  the  present  high-resolution  radio 
images  with  available  observations,  we  can  constrain  the  ge¬ 
ometry  of  the  area  where  W44  evolves  and  investigate  the 
impact  of  the  remnant  on  the  surrounding  interstellar  clouds. 

Figure  7  shows  the  infrared  emission  around  W44  as 
shown  by  IRAS  images  at  X.  60  /im  and  100  /rm  with  over¬ 
lapping  contours  of  the  radio  continuum  emission.  The  emis¬ 
sion  at  100  /mm  is  brighter  than  at  60  /mm,  a  spectral  trend 


compatible  with  a  shock  heated  dust  origin  (Junkes  et  al. 
1992).  The  thick  white  contours  near  18h54m30\  01°15', 
shown  in  the  image  at  100  /im,  reproduce  the  45  kms-1 
13CO  cloud  reported  by  Wootten  (1977)  to  be  at  a  kinemati- 
cal  distance  compatible  with  the  distance  of  3  kpc  estimated 
for  W44  (Green  1989).  Excellent  correlation  is  found  be¬ 
tween  infrared  and  molecular  emission  over  the  eastern 
cloud.  Faint  IR  emission  is  also  observed  towards  the  north 
and  in  the  interior  of  W44  near  18h53m17s,  01°27'30",  and 
18h53m22s,  01°11'15",  respectively.  The  bright  IR  feature 
observed  to  the  west  of  W44  was  previously  reported  by 
Arendt  (1989)  as  possibly  related  to  W44.  Based  on  the 
present  comparison,  the  location  of  the  IR  feature  is  too  far 
from  the  borders  of  the  remnant  to  infer  a  physical  associa¬ 
tion  with  W44. 

Seta  (1996)’s  millimeter  observations  confirm  the  pres¬ 
ence  of  the  13CO  cloud  observed  by  Wootten  (1977),  par¬ 
tially  overlapping  the  southeastern  border  of  W44.  From  the 
images  obtained  by  Seta  (1996)  an  additional  CO  feature, 
(i>~43  km  i_I)  is  observed  near  18h53m52s,  01°28'.  This 
last  cloud  appears  elongated  in  shape,  approximately  4)5X9' 
in  size  is  adjacent  to  the  highly  compressed  northeast  border, 
where  several  bright  radio  filaments  are  observed.  The  CO 
cloud  lies  slightly  to  the  north  of  two  of  the  groups  of  1720 
OH  masers  reported  by  Claussen  et  al.  (1996)  located  near 
18h53m56.8s,  01°25'11"  and  18h54m04.5s,  01°22'34". 
These  masers  are  thought  to  be  collisionally  excited  by  H2 
molecules  following  the  passage  of  a  shock  through  the  mo¬ 
lecular  gas  (Frail  et  al.  1996b,  and  references  therein),  and 
thus  are  independent  evidence  that  W44  is  undergoing  an 
interaction  with  a  molecular  cloud  along  its  eastern  edge. 

We  also  examined  all  the  previous  studies  of  H I  carried 
out  in  the  vicinity  of  W44.  In  Fig.  8,  we  show  the  spatial 
correlation  between  our  radio  image  and  the  contour  image 
of  the  cold  H I  optical  depth  at  the  absorption  maximum  near 
v — F45  km  s-1  as  obtained  by  Sato  (1986)  (1215  FWHM). 
As  far  as  we  know,  this  is  the  only  study  of  H  I  available  that 
enables  to  produce  a  global  picture  of  the  cold  gas  distribu¬ 
tion  around  W44,  because  the  observations  are  performed  in 
a  large  angular  field  around  the  remnant  and  cover  a  velocity 
range  compatible  with  its  distance.  With  the  improvement  in 
the  angular  resolution  of  the  present  radio  image  we  can 
confirm  Sato’s  suggestion,  that  the  SNR  may  not  be  “mak¬ 
ing  contact”  in  the  plane  of  the  sky  with  the  northern  cold 
H I  cloud.  To  the  south,  the  presence  of  an  absorbing  cold 
cloud  near  /~34°30',  b - 0°30',  can  explain  the  appar¬ 

ent  lack  of  optical  emission  that  can  be  noticed  in  the  lower 
right  comer  in  Fig  4.  New  H I  observations,  performed  in  a 
wide  field  around  W44  with  higher  angular  resolution  and 
sensitivity  may  help  to  investigate  the  physical  interaction  of 
the  cold  gas  with  W44. 


5.  SUMMARY 

In  this  paper  we  have  examined  the  SNR  W44  and  pro¬ 
duced  accurate  multispectral  comparisons.  VLA  archive  data 
acquired  in  1984  and  1985  for  W44  at  1.4  GHz  in  the  C  and 
D  configurations  were  reprocessed  adding  the  short  spacing 
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contribution  from  single  dish  observations,  in  order  to  obtain 
an  image  sensitive  to  structures  larger  than  15  arcmin.  The 
subsequent  image  emphasizes  the  filamentary  structure  of  the 
remnant,  as  well  as  the  presence  of  diffuse  emission  in  the 
interior.  VLA  data  obtained  at  330  MHz  in  the  D  configura¬ 
tion  resulted  in  an  image  of  similar  morphology,  with  no 
evidence  for  significant  spectral  index  variations  across  the 
source.  From  the  330  and  1442.5  MHz  data  we  derived  a 
constant  spectral  index  o'—  - 0.4  for  this  supernova  remnant 
in  agreement  with  previous  estimates. 

We  obtained  new  optical  images  in  the  Ha  and  [S  n]  lines 
by  mosaicing  the  full  extent  of  the  remnant.  The  optical 
emission  is  in  general  diffuse,  brighter  in  the  upper  half  of 
the  remnant  and  with  a  ring-like  feature,  centered  near 
18h53m40s,  01°14',  projected  onto  the  interior  of  W44  with 
the  pulsar  on  its  southern  border.  These  new  optical  images 
were  compared  with  the  radio  emission  at  1.4  GHz.  The 
correlation  is  very  good,  mainly  towards  the  north  and  north¬ 
western  sides,  where  the  optical  emission  appears  to  be  pre¬ 
cisely  correlated  with  the  radio  emission.  The  correlation  of 
the  optical  emission  with  bright  synchrotron  emission  is  con¬ 
sistent  with  the  presence  of  enhanced  magnetic  fields  and 
high  relativistic  particles  densities  expected  in  the  com¬ 
pressed  regions  associated  with  radiative  shock  processes. 
This  suggests  that  the  optical  emission  arises  from  shocked, 
radiatively  cooling  gas. 

We  also  compared  the  radio  continuum  images  with  the 
soft  ROSAT  X-ray  image.  In  general  we  confirm  the  conclu¬ 
sions  of  Rho  et  al.  (1994),  suggesting  that  X-ray  emission 
appears  centrally  concentrated,  surrounded  by  a  thick  radio 
shell.  However,  based  on  the  present  images,  we  have  shown 
that  weaker  diffuse  X-ray  emission  extends  up  to  the  north¬ 
ern  radio  boundary  of  W44. 

By  comparing  our  new  images  with  IR  and  atomic  and 
molecular  lines  studies,  we  have  explored  the  mutual  inter¬ 
action  of  W44  with  its  inhomogeneous  surroundings  Based 
on  the  radio  and  CO  comparisons  we  can  speculate  that  the 
SN  shock  along  the  east  side  is  physically  interacting  with 
the  CO  clouds  reported  by  Wootten  (1977)  and  Seta  (1996). 
The  molecular  clouds  overlap  part  of  the  front  face  of  W44. 


Such  a  geometry  provides  a  plausible  explanation  not  only 
for  the  lack  of  optical  emission  in  the  east,  since  it  would  be 
obscured  by  the  clouds,  but  also  for  the  presence  of  the 
shock  excited  OH  masers  observed  projected  against  the 
eastern  border  of  W44,  and  for  the  IR  emission  observed 
with  spectral  characteristics  compatible  with  shock  heated 
dust.  The  existence  of  IR  emission  in  a  site  where  different 
evidences  suggest  a  physical  interaction  between  the  SN 
shock  wave  and  the  molecular  cloud,  may  be  a  promising 
indicator  of  a  location  to  conduct  a  search  for  protostellar 
candidates  within  the  cloud,  and  investigate  star  formation 
triggered  by  a  SN  explosion. 

From  the  comparison  of  our  radio  image  with  the  avail¬ 
able  observations  of  the  H  i  in  the  direction  of  W44,  we  do 
not  see  clear  evidence  of  a  direct  interaction  between  the  SN 
shock  and  the  cold  neutral  interstellar  gas  which  surrounds 
W44.  High  spatial  resolution  observations  of  H  i  around  W44 
would  be  very  helpful  in  order  to  provide  a  good  diagnostic 
of  the  interaction  with  the  surrounding  cold  gas. 

From  the  available  observational  data,  we  can  infer  that  at 
large  scales,  the  interaction  with  surrounding  molecular 
clouds  have  substantially  contributed  to  the  formation  of  the 
present  filamentary  morphology  of  W44  as  seen  in  radio 
wavelengths. 
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